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EPR and magnetic studies on single crystals of the dimeric copper (II) compound y: his (N-methyl 
salicylaldimine) Cu(II) down to 1.5 K reveal that each Cu(II) dimer is ferromagnetically exchange 
coupled having negligible interdimer exchange interaction. The magnetic properties are best de-
scribed with C4v ligand field symmetry around each Cu(II) ion. The principal axes of the suscept-
ibility and the g-tensor are not strictly coincident at low temperature. 
EPR und magnetische Untersuchungen an Einkristallen der dimeren Kupfer (II)-Verbindung y: 
bis-(N-methylsalizylaldimin)- Cu(II) his herab zu 1,5 K zeigen, daB jedes Cu(II)-Dimer ferromagne-
tisch austauschgekoppelt ist und eine vernachlassigbare interdimere Austauschwechselwirkung 
aufweist. Die magnetischen Eigenschaften lassen sich am besten mit C4v-Ligandensymmetrie urn 
jedes Cu(II)-Ion beschreiben. Die Hauptachsen des Suszeptibilitats- und g-Tensoren sind nicht 
genau koinzident bei tiefen Temperaturen. 
1. Introduction 
In [1] we discussed temperature dependent g-shift and exchange interaction in 
~: bis(N-methyl salicylaldimine) copper(II) (~: CuMSal in brief). 
Three-dimensional X-ray analysis [2] reveals that y: CuMSal crystals contain eight 
formula units (four dimer units) in the orthorhombic cell with space group P212121 . 
The two molecules of the crystallographic asymmetric unit forming a dimer share 
two oxygen atoms. Each metal atom has a distorted planar coordination of two 
nitrogen and two oxygen atoms at distances ranging between 1.87 and 1.99 A and 
each is displaced out of its coordinate plane, by 0.11 and 0.13 A, respectively, towards 
t he fifth donor oxygen atom which forms one of the basal corners of the copper in 
t he companion molecule. X-ray distances between the copper ions within the dimer 
an?. those between the nearest magnetically non-equivalent Cu(JI) ions are 3.35 and 
7 A, respectively. 
The ligand fields around Cu(1) and Cu(2) may be taken to a good approximation 
to have either C4v symmetry (square-pyramidal conformation) with Cu(1)- 0(3) and 
Cu(2)- 0(2) [2] as the symmetry axes or to have D 411 symmetry (square-planar confor-
mation) with the normals to the planes [N(3)0(3)N(4)0(4)] or [N(1)0(1)N(2)0(2)] as 
the symmetry axes. The direction cosines (<X, {J, y) of the relevant symmetry axis with 
respect to the crystallographic a, b, c axes in the cases of both C4v and D 411 symmetries 
of the copper monomer units obtained from X-ray data are given in Table l. It will 
be seen that in either symmetry the Cu(1) and Cu(2) paramagnetic units have almost 
identical orientations of their symmetry axes. The symmetry axes referred to each 
unit for C4v and D 4h symmetries are oriented differently, the spatial angle between 
them being 12°. 
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Table 1 
Direction cosines of symmetry axes of copper(II) monomer units with respect to crystal-
lographic a, b, c axes in y: Cu(II)MSal (derived from X-ray results of Hallet a!.) [2] 
C4v symmetry axis 
direction Cu(1) - 0(3) Cu(2)- 0(2) 
cosines 
- ---
<X - 0.3874 - 0.3904 
fJ + 0.7049 + 0.7022 
y + 0.5942 + 0.5954 
---- ---
D4h symmetry axis 
(normal to Cu02N2 plane) 
Cu(1) 0(1) Cu(3) 0(3) N(3) 
N(1) 0(2) ~(2) 0(4)N(4) 
+ 0.5649 + 0.5676 
- 0.6676 - 0.6696 
- 0.4850 - 0.4791 
In principle, an EPR experiment is best suited to determine t he symmetry as well 
as the orientation of the ligand field around each copper (H) paramagnetic unit in the 
single crystal, provided signals due to magnetically non-equivalent paramagnetic 
units could be resolved. Magnetic studies in conjunction with EJ>R enable proper 
elucidation of the dimeric structure in such compounds . So, the EPR and magnetic 
studies on single crystals (and also on powders) of y: CnMSal were undertaken in the 
temperature range 1.5 to 300 K. 
2. Experimental 
2.1 P1•epanr,tion of single c1·ysfa ls of y :Cu1YISal 
The compo und was prepared by the reaction between m ethylamine and bis-salicyl-
aldehydato copper ( LI) in ethyl alcoho l. B rown rhombic plates of the y-forrn were 
obta,ined by overnight crystallization from the filtrate left after the initial separation 
of the green a-form from the chloroform sol ution of the compound. 
2.2 Mean nwgnetic susceptibility 
The mean magnetic susceptibility was measured on the powdered compound with 
the help of a very sensitive Curie-type magnetic balance, but of robust design [3], 
provided with a cryostatic arrangement for measurements in the temperature range 
77 to 300 K. The observed susceptibilities (Xu) per gram-mole of Cu(II) ions at any 
temperature are corrected for diamagnetism of the molecule (Xctl· The square of the 
effective Bohr magneton number (7Jf) per Cu(ll) ion are calculated from 
2 '?,R 3K0 -Pr = - 2 (XM - Xctl 'P = - o (KT), (l) NfiH N11B 
where K 0 is the Boltzmann constant, 11B the Bohr magneton, K the mean gram-molar 
susceptibility corrected for diamagnetism. pf values at different temperatures are 
given in Table 2. Although the pf values of y: CuMSal fall in the range of values 
obtained for normal copper salts having negligible Cu-Cu exchange interaction, it 
can be readily seen from Table 2 that there occurs a gradual increase of the Pl values 
with the decrease of temperattlre quite distinct from that obtained in copper acetate 
type antiferromagnetic dimer systems [5]. It will be later elaborated from theoretical 
fitting of pf at different temperatures that exchange coupling within a dimer in 
y: CuMSal is of the ferromagnetic type. 
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E P R  a n d  M a g n e t i c  S t u d i e s  o n  y : b i s ( N - M e t h y l  S a l i c y l a l d i m i n e )  C o p p e r ( I I )  
6 4 7  
T a b l e  2  
P r i n c i p a l  c r y s t a l l i n e  a n i s o t r o p i e s ,  m e a n  s q u a r e  m o m e n t s  a n d  m e a n  s u s c e p t i b i l i t i e s  o f  
y : C u ( I I ) M S a l  i n  t h e  t e m p e r a t u r e  i n t e r v a l  8 0  t o  3 0 0  K  
t e m p e r a t u r e  
( X b - X c )  
( X b - X a )  
Q  
K  
P F  
( K )  ± 0 . 1  ± 0 . 1  ± 0 . 0 0 1 5  
± 1 . 0  
( l 0 -
6  
c g s  u n i t s )  ( l 0 -
6  
c g s  u n i t s )  
( c g s  u n i t s )  
( l 0 -
6  
c g s  u n i t s )  
3 0 0  
7 1 . 0 1  1 4 6 . 0  3 . 5 0 4  1 4 6 1  
2 5 0  8 1 . 9 4  1 6 3 . 3  3 . 5 2 0  1 7 6 0  
2 0 0  
9 8 . 2 1  
1 8 9 . 2  3 . 5 4 8  2 2 1 9  
1 5 0  
1 2 5 . 1  2 3 1 . 5  
3 . 5 9 2  2 9 9 6  
1 0 0  
1 7 9 . 3  3 1 1 . 2  
3 . 6 8 4  4 6 0 8  
8 0  
2 2 0 . 0  
3 7 1 . 5  3 . 7 5 0  
5 8 6 3  
2 . 3  M a g n e l ' i c  a n i s o h · o p y  
T h e  p r i n c i p a l  c r y s t a l l i n e  a n i s o t r o p i e s  w e r e  m e a s u r e d  i n  a  v e r y  s e n s i t i v e  a n i s o t r o p y  
b a l a n c e  [ 4 ]  p r o v i d e d  w i t h  a  c r y o s t a t i c  a r r a n g e m e n t .  T h e  c r y s t a l l i n e  a n i s o t r o p i e s  
( X b  - X c )  a n d  ( X b  - X a )  w e r e  m e a s u r e d  o n  a  s i n g l e  c r y s t a l  i n  t h e  t e m p e r a t u r e  r a n g e  
7 7  t o  3 0 0  K  w h i c h  a r e  s h o w n  i n  T a b l e  2 .  A t  r o o m  t e m p e r a t u r e ,  t h e  a n i s o t r o p y  i n  t h e  
( 0 1 0 )  p l a n e ,  i . e . ,  ( X c  - X a l .  w a s  a l s o  d e t e r m i n e d  t o  p r o v i d e  a  c h e c k  o n  t h e  a n i s o t r o p y  
m e a s u r e m e n t s  i n  t h e  ( 1 0 0 )  a n d  ( 0 0 1 )  p l a n e s .  I t  w a s  f o u n d  t h a t  X b  >  X c  >  X a  i n  t h e  
w h o l e  t e m p e r a t u r e  r a n g e  ( 7 7  t o  3 0 0  K )  i n  w h i c h  t h e  e x p e r i m e n t s  h a v e  b e e n  c a r r i e d  
o u t .  T h e  t h r e e  v a l u e s  o f  i o n i c  a n i s o t r o p y ,  K
1 1  
- K  . l •  w e r e  c a l c u l a t e d  f r o m  t h e  p r i n c i p a l  
c r y s t a l l i n e  s u s c e p t i b i l i t y  v a l u e s  u s i n g  t h e  t h r e e  r e l a t i o n s  ( 2 )  a n d  t h e  X - r a y  d a t a  o n  
t h e  d i r e c t i o n  c o s i n e s  o f  t h e  a p p r o x i m a t e  s y 1 n m e t r y  a x e s  g i v e n  i n  T a b l e  l ;  i . e .  
K  _  K  =  ' X b  - X c  =  X b  - X a  =  X c  - X a  
I I  . l  f J 2  _  y 2  f J 2  _  c x 2  y 2  _  c x 2  •  
( 2 )  
I n  e i t h e r  s i t u a t i o n  K 1 1  >  K  . l  o r  K  . l  >  K
1 1
,  a g r e e m e n t  i n  t h e  t h r e e  v a l u e s  o f  K 1 1  - K  . l  
a s  r e g a r d s  m a g n i t u d e  a s  w e l l  a s  s i g n  c o u l d  n o t  b e  o b t a i n e d  o n  t h e  b a s i s  o f  D
4
h  s y m -
m e t r y  o f  e a c h  c o p p e r  ( I I )  m o n o m e r  u n i t .  O n  t h e  o t h e r  h a n d ,  t h e  a s s u m p t i o n  o f  C
4
v  
m o l e c u l a r  s y m m e t r y  i s  q u i t e  c o n s i s t e n t  w i t h  t h e  t h r e e  c a l c u l a t e d  v a l u e s  o f  K
1 1
- K . l  
( w i t h i n  1 5 % )  f r o m  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  p r i n c i p a l  c r y s t a l l i n e  a n i s o t r o p i e s .  
I t  w a s  f o u n d  t h a t  K
1 1  
>  K  . l ·  S i n c e  t h e  a n i s o t r o p y  i s  a  v e r y  s e n s i t i v e  f u n c t i o n  o f  t h e  
T a b l e  3  
F i t t e d  d i r e c t i o n  c o s i n e s  o f  t h e  s y m m e t r y  a x i s  o f  c o p p e r (  I I )  m o n o m e r  u n i t s  w i t h  r e s p e c t  
t o  c r y s t a l l o g r a p h i c  a ,  b ,  c  a x e s  a n d  t h e  i o n i c  a n i s o t r o p i c s  c a l c u l a t e d  f r o m  e q u a t i o n s  ( 2 )  
i n  y :  C u ( I I ) M S a l  a t  d i f f e r e n t  t e m p e r a t u r e s  
t e m p e r a t u r e  
d i r e c t i o n  c o s i n e s  u s e  t o  o b t a i n  a n g l e  b e t w e e n  
i o n i c  a n i s o t r o p y  
( K )  
b e s t  f i t  i n  t l K  v a l u e s  
C u ( 1 )  - 0 ( 3 )  a n d  t l K  =  ( K 1 1 - K . l )  
f 3  
d e r i v e d  s y m m e t r y  
( l 0 -
6  
c g s  u n i t s )  
( X  
y  
n x i s  (
0
)  
3 0 0  
- 0 . 3 7 0 0  
0 . 7 2 5 3  
0 . 5 8 0 4  2 . 3  
3 7 5  
2 5 0  
- 0 . 3 8 8 2  
0 . 7 1 9 6  0 . 5 7 5 5  
2 . 0  
4 4 1 . 9  
2 0 0  
- 0 . 4 0 4 7  
0 . 7 1 3 0  0 . 5 7 2 5  
2 . 0  
5 4 6 . 4  
1 5 0  
- 0 . 4 2 3 4  
0 . 7 0 4 6  0 . 5 6 9 1  
2 . 8  
7 2 7 . 4  
1 0 0  
- 0 . 4 4 7 5  0 . 6 9 3 9  0 . 5 6 3 9  4 . 0  
l l 0 1  
8 0  
- - 0 . 4 5 6 3  
0 . 6 8 8 9  0 . 5 6 2 9  4 . 5  
1 3 9 4  
c  
6 4 8  D .  K .  D E ,  A .  K .  G n o s n A L ,  D .  P A L ,  a n d  A .  K .  P A L  
d i r e c t i o n  c o s i n e s  ( I X ,  ( 3 ,  y ) ,  a  s l i g h t  a l t e r a t i o n  i n  t h e  v a l u e s  o f  t h e  X - r a y  d e t e r m i n e d  
d i r e c t i o n  c o s i n e s ,  i . e .  t a k i n g  t h e  o r i e n t a t i o n  o f  t h e  i o n i c  s y m m e t r y  a x i s  t o  d i f f e r  f r o m  
t h a t  o f  t h e  X - r a y  d e t e r m i n e d  s y m m e t r y  a x i s  b y  a b o u t  2 . 3  °  ( s e e  T a b l e  3 ) ,  i s  s u f f i c i e n t  
t o  o b t a i n  a n  e x a c t  m a t c h  a m o n g  t h e  t h r e e  c a l c u l a t e d  K
11  
- K  1 _  v a l u e s .  I t  i s  f u r t h e r  
n o t e d  t h a t  t o  e f f e c t  e x a c t  f i t t i n g  o f  t h e  i o n i c  a n i s o t r o p y  v a l u e s  ( K
1 1  
- K  1 _ )  a t  l o w  
t e m p e r a t u r e s ,  a  s l i g h t  a l t e r a t i o n  i n  t h e  ( I X ,  ( 3 ,  y )  v a l u e s  o b t a i n e d  f r o m  t h e  b e s t  f i t  a t  
r o o m  t e m p e r a t u r e  i s  a l s o  n e c e s s a r y  a t  l o w  t e m p e r a t u r e s ,  a s  s h o w n  i n  T a b l e  3 .  T h i s  
m a y  b e  d u e  t o  s m a l l  o r i e n t a t i o n a l  c h a n g e s  i n  t h e  d i m e r i c  c l u s t e r s  a t  d i f f e r e n t  t e m -
p e r a t u r e s .  
3 .  E P R  
E P R  m e a s u r e m e n t s  h a v e  b e e n  m a d e  w i t h  t h e  h e l p  o f  a  t r a n s m i s s i o n - t y p e  K - b a n d  
E P R  s p e c t r o m e t e r  s e t  u p  ( b y  t h e  a u t h o r  w i t h  h i s  c o - w o r k e r s )  i n  t h i s  l a b o r a t o r y  i n  t h e  
p r i n c i p a l  p l a n e s  ( 0 0 1 ) ,  ( 0 1 0 ) ,  a n d  ( 1 0 0 )  a t  r o o m  t e m p e r a t u r e  a n d  w i t h  a  B r u k e r  
P h y s i k  X - b a n d  E P H  s p e c t r o m e t e r  o n  a  d i f f e r e n t  s p e c i m e n .  S u r p r i s i n g l y  o n l y  o n e  
r e s o n a n c e  s i g n a l  d e v o i d  o f  a n y  s t r u c t u r e  w a s  o b s e r v e d  i n  t h e  t h r e e  p r i n c i p a l  
c r y s t a l  p l a n e s  i n  a l l  t h e  s i n g l e  c r y s t a l  s p e c i m e n s  a l t h o u g h  t h e  d i m e r i c  s t r u c t u r e  
a p p e a r e d  i n  f r o z e n  s o l u t i o n  EP1~ s p e c t r a  o f " ( :  C u ( I I ) M S a l  t a k e n  a t  7 7  K  [ 6 ] .  T h e  f i r s t  
d e r i v a t i v e  l i n e w i d t h s  o f  t h e  E P R  s i g n a l s  i n  t h e s e  p l a n e s  w e r e  f o u n d  t o  b e  i n  t h e  r a n g e  
5 0  t o  6 0 0  G .  S i m i l a r  o b s e r v a t i o n s  w e r e  m a d e  i n  c o p p e r  ( I I )  d i e t h y l d i t h i o c a r b a m a t e ,  
C u ( d t c )
2
,  w h e r e  t h e  C u - C u  s e p a r a t i o n s  w i t h i n  t h e  d i m e r s  a r e  3 . 5 9  A .  I n  C u ( U ) :  Z n ( d t c )
2  
c r y s t a l s  [ 7  t o  9 ]  d i m e r i c  E P R  s p e c t r a  h a v e  b e e n  o b t a i n e d  w h e r e a s  i t  r e m a i n e d  u n -
o b s e r v e d  i n  C u ( d t c )
2  
c r y s t a l s  [ 1 0 ] .  T h e  e x i s t e n c e  o f  f e r r o m a g n e t i c  d i m e r s  i n  C u ( d t c )
2  
h a s  a l s o  b e e n  e s t a b l i s h e d  f r o m  m e a n  m a g n e t i c  s u s c e p t i b i l i t y  s t u d i e s  [ 1 1 ] .  l t  i s  s i g n i -
f i c a n t  t h a t  t h e  f i n e  s t r u c t u r e  c o n s t a n t ,  i . e .  t h e  z e r o - f i e l d  s p l i t t i n g  p a r a m e t e r  D  ( w h i c h  
c o n s i s t s  o f  a  p s e u d o - d i p o l a r  t e r m  o r i g i n a t i n g  f r o m  e x c h a n g e  i n t e r a c t i o n  w i t h i n  t h e  
d i m e r  a n d  a  d i p o l a r  i n t e r a c t i o n  t e r m  b e t w e e n  c o p p e r ( I I )  i o n s  o f  d i f f e r e n t  d i m e r s )  i s  
f o u n d  t o  b e  v e r y  m u c h  s m a l l e r  i n  C u : Z n ( d t c h  ( 0 . 0 2 8  c m -
1
)  t h a n  t h a t  i n  c o p p e r  a c e t a t e  
m o n o h y d r a t e  [ 5 ]  ( " " "  0 . 3  c m -
1
) .  
M o r e o v e r ,  s i g n a l s  d u e  t o  m a g n e t i c a l l y  n o n - e q u i v a l e n t  C u ( I I )  c o m p l e x e s  c o u l d  n o t  
b e  r e s o l v e d  i n  a n y  p l a n e  o f  t h e  s i n g l e  c r y s t a l ;  a n d ,  t h e r e f o r e ,  t h e  e x p e r i m e n t a l l y  
d e t e r m i n e d  g - v a l u e s  c o r r e s p o n d  t o  c r y s t a l l i n e  g - v a l u e s .  U n d e r  t h e s e  c i r c u m s t a n c e s  
t h e  i o n i c  g - v a l u e s  ( g
11  
a n d  g  1 _ )  c a n  o n l y  b e  d e r i v e d  f r o m  t h e  c r y s t a l l i n e  g - v a l u e s  w i t h  
t h e  h e l p  o f  X - r a y  d e t e r m i n e d  a n g u l a r  c o o r d i n a t e s  ( I X ,  ( 3 ,  y )  o f  t h e  s y m m e t r y  a x e s  o f  
t h e  c o p p e r (  I I )  m o n o m e r  u n i t s  u s i n g  t h e  f o l l o w i n g  e q u a t i o n s :  
g n  _  r / i  =  (g~ _  g~) / ((32 _  y 2 )  =  (g~ _  g~ ) / ((32 _  1 X 2 )  =  (g~ _  g~) / (y2 _  1 X 2 )  ,  (
3
l  
a n  +  2 g } _  =  g~ +  g~ +  g~ .  (  4 )  
T h e  m a x i m u m  a n d  m i n i m u m  v a l u e s  o f  g  i n  e a c h  p r i n c i p a l  p l a n e  c o r r e s p o n d  t o  
t w o  o f  t h r e e  p r i n c i p a : l  c r y s t a l l i n e  g - v a l u e s  ( g a ,  g b ,  g e l ·  T h e s e ,  a s  w e l l  a s  t h e  x a ,  X b •  a n d  
X c  d i r e c t i o n s  c o i n c i d e  w i t h  t h e  c r y s t a l l o g r a p h i c  a ,  b ,  a n d  c  a x e s  i n  a n  o r t h o r h o m b i c  
c r y s t a l  l i k e  y :  C u M S a l .  I t  h a s  b e e n  f o u n d  t h a t  t h e  t h r e e  v a l u e s  o f  g n  - g } _  o b t a i n e d  
f r o m  t h e  p r i n c i p a l  c r y s t a l l i n e  g - v a l u e s  u s i n g  t h e  t h r e e  r e l a t i o n s  ( 3 )  a n d  t h e  f i t t e d  
d i r e c t i o n  c o s i n e s  o f  t h e  C
4
v  s y m m e t r y  a x e s  o f  t h e  c o p p e r  c o m p l e x e s  ( s e e  T a b l e  3 )  
o b t a i n e d  f r o m  m a g n e t i c  a n i s o t r o p y  d a t a  a r e  q u i t e  c o n s i s t e n t  w i t h  e a c h  o t h e r .  T h e  
p r i n c i p a l  c r y s t a l l i n e  a n d  i o n i c  g - v a l u e s  a t  3 0 0  K  a r e  g i v e n  i n  T a b l e  4 .  X - b a n d  E P R  
s p e c t r a  w e r e  a l s o  p e r f o r m e d  o n  t h e  p o w d e r e d  s a m p l e  a t  r o o m  t e m p e r a t u r e ,  7 7 ,  2 0 ,  
a n d  1 . 5  K  t h r o u g h  t h e  k i n d  c o u r t e s y  o f  D r .  H .  L a n g e  a n d  D r .  W .  G e h l h o f f  o f  A k a d e m i e  
d e r  W i s s e n s c h a f t e n  d e r  D D R ,  B e r l i n .  A l l  t h e  s p e c t r a  s h o w e d  c h a r a c t e r i s t i c  f e a t u r e s  
o f  p o w d e r e d  E P R  s p e c t r a  w i t h  o r t h o r h o m b i c  g - t e n s o r  a n d  w e r e  a n a l y s e d  a c c o r d i n g  
" '  
(  
E P R  a n d  M a g n e t i c  S t u d i e s  o n  y : b i s ( N - M e t h y l  S a l i c y l a l d i m i n e )  C o p p e r  ( I I )  
6 4 9  
T a b l e 4  
C r y s t a l l i n e  a n d  i o n i c  g - v a l u e s  a l o n g  w i t h  t h e  f i t t e d  d i r e c t i o n  c o s i n e s  o f  t h e  i o n i c  s y m -
m e t r y  a x i s  i n  y :  ( C u ( I I )  M S a l )  i n  t h e  t e m p e r a t u r e  r a n g e  3 0 0  t o  1 . 5  K  
t e m p e r a - g a  
g i J  g c  
g r r  
g J _  a  
f J  
y  
t u r e  ( K )  
3 0 0  2 . 0 6 7  2 . 1 6 3  
2 . 1 1 7  
2 . 2 7 4  2 . 0 3 3  
- 0 . 3 7 0 0  0 . 7 2 5 3  0 . 5 8 0 4  
± 0 . 0 0 2  ± 0 . 0 0 2  ± 0 . 0 0 2  
7 7  
2 . 0 7  2 . 1 6 5  2 . 1 2  2 . 2 8 0  2 . 0 3 3  
- 0 . 3 7 6 7  
0 . 7 2 0 8  0 . 5 8 1 8  
± 0 . 0 0 5  ± 0 . 0 0 5  
± 0 . 0 0 5  
2 0  
2 . 0 7  2 . 1 6 5  
2 . 1 2  2 . 2 8 0  2 . 0 3 3  
- 0 . 3 7 6 7  0 . 7 2 0 8  
0 . 5 8 1 8  
± 0 . 0 0 5  ± 0 . 0 0 5  ± 0 . 0 0 5  
1 . 5  
2 . 0 3 5  2 . 1 7 5  2 . 1 1  2 . 2 9 4  2 . 0 0 7  
- 0 . 3 0 0  
0 . 7 5 3 6  0 . 5 8 4 9  
± 0 . 0 0 5  ± 0 . 0 0 5  
± 0 . 0 0 5  
t o  t h e  m e t h o d  o f  J o h n s t o n  a n d  H e c h t  [ 1 2 ] .  T h e  p r o g r a m  w a s  f i r s t  s t a n d a r d i z e d  t o  f i t  
t h e  E P R  p o w d e r  s p e c t r a  a t  r o o m  t e m p e r a t u r e  w i t h  t h e  p r i n c i p a l  c r y s t a l l i n e  g - v a l u e s  
o b t a i n e d  f r o m  t h e  s i n g l e  c r y s t a l  s t u d y .  W i t h  s o m e  a l t e r a t i o n  i n  t h e  v a l u e s  o f  t h e  
l i n e w i d t h s  W , ,  W y ,  w .  o b t a i n e d  a t  r o o m  t e m p e r a t u r e  t h e  s p e c t r a  a t  7 7  a n d  2 0  K  
c o u l d  b e  f i t t e d  w i t h  t h e  g - v a l u e s  o b t a i n e d  a t  r o o m  t e m p e r a t u r e  ( T a b l e  4 ) .  T h e  p r i n -
c i p a l  c r y s t a l l i n e  g - v a l u e s  o b t a i n e d  a t  1 . 5  K  w e r e  h o w e v e r  f o u n d  t o  b e  d i f f e r e n t  f r o m  
t h o s e  o b t a i n e d  a t  o t h e r  t e m p e r a t u r e s  ( T a b l e  4 ) .  T h e  c o r r e s p o n d i n g  p r i n c i p a l  i o n i c  
g - v a l u e s  g
1 1  
a n d  g . 1 _  c o u l d  b e  d e r i v e d  u s i n g  ( 3 )  a n d  ( 4 )  a n d  u s i n g  e x ,  ( 3 ,  y  a s  o b t a i n e d  b y  
f i t t i n g  t h e  m a g n e t i c  d a t a  a t  r o o m  t e m p e r a t u r e  ( T a b l e  4 ) .  S o m e  a l t e r a t i o n  i n  t h e  a b o v e  
v a l u e s  o f  e x ,  ( 3 ,  y  w a s  f o u n d  n e c e s s a r y  t o  o b t a i n  c o n s i s t e n t  v a l u e s  o f  g o  - g 3 _  a t  1 . 5  K  
u s i n g  e q u a t i o n  ( 3 ) .  I t  i s  s e e n  f r o m  T a b l e  3  t h a t  t h e  v a l u e s  o f  e x ,  ( 3 ,  y  o b t a i n e d  b y  f i t t i n g  
t h e  m a g n e t i c  a n i s o t r o p y  d a t a  v a r y  w i t h  t e m p e r a t u r e  i n  t h e  r a n g e  3 0 0  t o  7 7  K .  O n  
t h e  o t h e r  h a n d ,  t h e  o r i e n t a t i o n  o f  t h e  g - t e n s o r  c h a n g e s  s i g n i f i c a n t l y  o n l y  a t  1 . 5  K .  
S l i g h t  d e v i a t i o n  i n  t h e  o r i e n t a t i o n  o f  t h e  g - t e n s o r  o b s e r v e d  a t  7 7  t o  2 0  K  ( T a b l e  5 )  
f r o m  t h e  r o o m  t e m p e r a t u r e  v a l u e s  m a y  b e  d u e  t o  s o m e  e r r o r  i n v o l v e d  i n  t h e  e x t r a c t i o n  
o f  t h e  g - v a l u e s  f r o m  p o w d e r e d  E P R  s p e c t r a .  T h e  a n g l e  b e t w e e n  c o r r e s p o n d i n g  g - a x e s  
T a b l e  5  
B e s t  f i t t i n g  o f  o b s e r v e d  i o n i c  a n i s o t r o p y  a n d  m e a n  s q u a r e  m o m e n t  o f  y :  C u ( I I ) M S a l  
a t  d i f f e r e n t  t e m p e r a t u r e s  w i t h  t h e  f o l l o w i n g  l i g a n d  f i e l d  p a r a m e t e r s :  g r r  =  2 . 2 7 4 ,  
( h f ) r r  =  3 6 . 5  X  I 0 -
6  
c g s ,  J  =  + 2 ! l . 3  c m - r ,  o b s e r v e d  g  . 1 _  =  2 . 0 3 3 ,  ( h f )  . 1 _  =  1 . 4  x  I 0 -
6
c g s  
0  =  0  c m -
1  
, 4  
t e m p e r a -
( K r r  ~ K j _ )  
Pi  
t u r e  ( K )  ( l 0 -
6  
c g s  u n i t s )  
3 0 0  3 7 5  
( 3 7 2 . 0 )  3 . 5 0 4  ( 3 . 5 0 4 ) * )  
2 5 0  
4 4 1 . 9  ( 4 4 1 . 6 )  2 . 5 2 0  ( 3 . 5 2 0 )  
2 0 0  
5 4 6 . 4  ( 5 4 7 . 5 )  3 . 5 4 8  ( 3 . 5 4 7 )  
1 5 0  
7 2 7 . 4  ( 7 2 7 . 8 )  3 . 5 9 2  ( 3 . 5 9 2 )  
1 0 0  
1 1 0 1  ( 1 1 0 1 . 5 )  3 . 6 8 4  ( 3 . 6 8 4 )  
8 0  
1 3 9 4  
( 1 3 9 2 )  3 . 7 5 0  
( 3 . 7 4 9 )  
* )  V a l u e s  w i t h i n  t h e  p a r e n t h e s i s  a r e  c a l c u l a t e d  f r o m  ( 9 )  a n d  ( 1 0 )  u s i n g  t h e  a b o v e  
v a l u e s  o f  J ,  ( h f l r r  a n d  ( h j ) . 1 _ .  
6 5 0  
D .  K .  D E ,  A .  K .  G H O S H A L ,  D .  P A L ,  a n d  A .  K .  P A L  
a t  3 0 0  a n d  1 . 5  K  i s  4  ° .  T h u s  t h e  o r i e n t a t i o n  o f  t h e  p r i n c i p a l  a x e s  o f  t h e  i o n i c  g - t e n s o r  
a n d  t h e  s u s c e p t i b i l i t y  t e n s o r  a r e  n o t  s t r i c t l y  c o i n c i d e n t  a t  l o w  t e m p e r a t u r e  i n  t h i s  
c r y s t a l .  
4 .  ' l ' h e o r e t i c a l  C o n s i d e r a t i o n s  
T h e  w a v e  f u n c t i o n s  f o r  C u ( I I )  u n d e r  C
4
v  l i g a n d  f i e l d  s y m m e t r y  c o n s i d e r i n g  ' d - p ,  s '  
a d m i x t u r e  a r e  
( 2 B l )  
1 f J I  =  I  x 2  - y 2 )  '  
1  
( 2 A l )  
1 f J 2  =  P 2 i z
2
)  +  Y 2 P 2 \ z )  +  t X P 2 \ S ) ,  
I  
1 f J a  =  P a l x z )  +  Y a 1 J a \ x )  '  
}  
( 5 )  
( 2 E )  
1 p ;  =  P a ! Y z )  +  Y a P a i Y )  ,  
J  
1 p
4  
= - ! x y )  .  
T h e  p ; ' s  a n d  t h o  y ; ' s  d e n o t e  t h e  e x t e n t  o f  o v e r l a p  o f  t h e  l i g a n d  w a v e  f u n c t i o n s  \ x )  
e t c . ,  t o  t h e  d - w a v o  f u n c t i o n s  o f  t h e  c o p p e r ( H )  i o n .  
2
B
1  
i s  u s u a l l y  t h o  g r o u n d  s t a t e  L  l  : 1 ) .  E a c h  C u ( I I )  i o n  w i t h i n  a  d i m e r  i s  a l s o  c o u p l e d  
b y  e x c h a n g e  i n t e r a c t i o n  o f  t h o  f o r m  ( J  b e i n g  t h e  i n t r a d i m c r  e x c h a n g e  i n t e g r a l )  
7 L c x  =  - J S l  ·  8 2 .  ( G )  
T h e  m a g n e t i c  p r o p e r t i e s  o f  e a c h  o f  t h e  c o p J J e r ( l i )  i o n  ( i n  a  d i m e r )  h a v i n g  t h e  w a v e  
f u n c t i o n s  g i v e n  b y  ( 5 )  c a n  b e  d e s c r i b e d  b y  t h e  f o l l o w i n g  H a m i l t o n i a n :  
J (  =  } . d L  .  S  +  f i n l l .  ( L  +  2 S )  .  ( 7 )  
; , d  = - - 8 2 9  c m -
1  
i s  t h e  s p i n - o r b i t  c o u p l i n g  c o n s t a n t  f o r  t h e  f r e e  C u ( J l )  i o n .  F o l l o w i n g  
e s s e n t i a l l y  t h e  t r e a t m e n t  o f  H o s e  e t  a l .  [ 1 4 ]  a n d  t h e  s p i n  H a m i l t o n i a n  t e c h n i q u e  o f  
A b r a g a m  a n d  P r y c e  [ 1 5 ]  u p  t o  s e c o n d - o r d e r  p e r t u r b a t i o n  t h e  f o l l o w i n g  e x p r e s s i o n s  
f o r  p ' f  a n d  K
1 1
- K j _  c o u l d  b e  d e r i v e d  w i t h  t h e  h e l p  o f  ( 1 )  a n d  ( 8 ) :  
R  =  } { I I  ~3 2 K  j _  '  ( 8 )  
] ! f  =  ( g n  +  2 g l J j ( : 3  +  c - . J f l i , l ' )  +  [ ( h j )  1  +  2 ( / z j ) j _ ) j : 3 ,  ( 9 )  
1 \ 1 - J ( j _  = ~~~(on- g ] _ ) / ( : 3  +  e - J j f \ , J ' )  +  [ ( h / ) 1 1 - ( h f ) j _ ] j : 3  •  ( 1 0 )  
W h e r e  t h e  t e m p e r a t u r e  i n d e p e n d e n t  h i g h  f r e q u e n c y  t e r m s  ( h / l 1 1  a n d  ( h f )  j _  a n d  ! 7 1 1 ,  g  j _  
a r e  g i v e n  b y  
! 7 1 1  =  2 l l  - 4 R I I k l l ; ' d / ( R n , - E B , ) ] ,  
! ] j _  =  2 [ 1 - 2Rj_kj_}.t~f(EE - E J ; , ) ] ,  
( h f ) J J  =  - ( g i l  - 2 )  N  ! - i 1 R i l f 2 } . d k l l  ,  
( h f )  j _  =  - ( g  j _  - 2 )  N  f i t R  j _ j 2 } , c t k l _  .  
( 1 1 )  
( 1 2 )  
( 1 3 )  
( 1 4 )  
R l l •  k 1 1  e t c .  i n  ( 1 1 )  t o  ( 1 4 )  a r e  k n o w n  a s  t h e  c o v a l e n t  s p i n - o r b i t  a n d  o r b i t a l  r e d u c t i o n  
f a c t o r s .  
5 .  R e s u l t s  o f  F i t t i n g  t h e  l l ' l a g n e t i c  D a t a  a n d  D i s c u s s i o n  
T h e  v a l u e s  o f  p ' f  a n d  K
1 1  
- ] {  j _  a t  d i f f e r e n t  t e m p e r a t u r e s  a n d  a l s o  ! J J J  a n d  g  j _  f o r  
C u M S a l  a r e  k n o w n  f r o m  e x p e r i m e n t  ( T a b l e s  2  t o  4 ) .  T h e s e  d a t a  h a v e  b e e n  f i t t e d  t o  
( 9 )  a n d  ( 1 0 )  b y  t h e  l e a s t - s q u a r e s  f i t t i n g  m e t h o d  u s i n g  I B M  3 7 0  c o m p u t e r .  T h e  b e s t  
E P R  a n d  M a g n e t i c  S t u d i e s  o n  y : b i s ( N - M e t h y l  S a l i c y l a l d i m i n e )  C o p p e r ( I I )  
6 5 1  
f i t  v a l u e s  o f  J ,  ( h / ) t
1
,  ( h f ) J .  s o  o b t a i n e d  a r e  g i v e n  i n  T a b l e  5  a l o n g  w i t h  t h e  c o r r e s p o n d -
i n g  c a l c u l a t e d  v a l u e s  o f  K
1 1  
- K  l .  a n d  p f .  T h e y  a r e  f o u n d  t o  a g r e e  q u i t e  w e l l  w i t h  t h e  
e x p e r i m e n t a l  v a l u e s .  A  W e i s s  t e r m  8  w h i c h  a c c o u n t s  f o r  t h e  i n t e r d i m e r  e x c h a n g e  
i n t e r a c t i o n s  m a y  a l s o  b e  p r e s e n t ,  a n d  t h e  t e m p e r a t u r e  t e r m  s h o u l d  b e  r e p l a c e d  b y  
T  +  e .  H o w e v e r ,  i t  w a s  s e e n  t h a t  i n c o r p o r a t i o n  o f  e  d i d  n o t  l e a d  t o  a  b e t t e r  f i t t i n g  
i n  t h e  t e m p e r a t u r e  r a n g e  s t u d i e d .  T h e  v a l u e s  o f  R t t f k r t  a n d  R  1 . / k  l .  w e r e  f o u n d  t o  b e  
0 . 8 6  a n d  0 . 2 7 ,  r e s p e c t i v e l y  w i t h  t h e  h e l p  o f  ( 1 3 )  a n d  ( 1 4 ) .  H o w e v e r ,  i n  t h e  a b s e n c e  o f  
s p e c t r o s c o p i c  d a t a  o n  y :  C u ( I I ) M S a l ,  a  u n i q u e  e s t i m a t i o n  o f  t h e  c o v a l e n c y  p a r a m e t e r s  
( k
11
,  R 1 1  e t c . )  h a s  n o t  b e e n  p o s s i b l e ,  e v e n  w i t h  t h e  h e l p  o f  e q u a t i o n s  ( 1 1 )  a n d  ( 1 2 ) .  T h e  
s o m e w h a t  a b n o r m a l  v a l u e  o f  R  1 . /  k  l .  m a y  b e  d u e  t o  t h e  f a c t  t h a t  t h e  p r i n c i p a l  a x e s  
o f  t h e  s u s c e p t i b i l i t y  a n d  t h e  g
2  
t e n s o r  a r e  n o t  s t r i c t l y  c o i n c i d e n t  a s  f o u n d  b y  e x p e r i -
m e n t  - a  f a c t  w h i c h  i s  n o t  c o n s i d e r e d  i n  d e r i v i n g  e q u a t i o n s  ( 1 3 )  a n d  ( 1 4 ) .  
l t  i s  e v i d e n t  f r o m  o u r  a n a l y s i s  o f  t h e  m a g n e t i c  d a t a ,  t h a t  t h e  s y m m e t r y  o f  t h e  l i g a n d  
f i e l d  a r o u n d  e a c h  m o n o m e r  u n i t  o f  a  c o p p e r  d i m e r  i n  y :  C u ( I l ) M S a l ,  t o  a  g o o d  a p -
p r o x i m a t i o n ,  i s  C
4
v .  I n  c o n s e q u e n c e  t h e  o r i g i n  o f  t h e  f e r r o m a g n e t i s m  o f  t h e  c o p p e r  
d i m e r s  ( J  i s  p o s i t i v e  a n d  t h e r e f o r e  t h e  g r o u n d  s t a t e  i s  a  t r i p l e t )  c a n  b e  r e a s o n a b l y  
s o u g h t  f o r  i n  t h e  s u p e r e x c h a n g e  m e c h a n i s m  t h r o u g h  t e r m i n a l  o x y g e n  l i g a n d s  s i m i l a r  
t o  t h e  9 0 °  i n t e r a c t i o n  p r o p o s e d  b y  A n d e r s o n  ( 1 9 5 0 )  [ H i ]  a n d  G o o d e n o u g h  ( 1 9 5 5 )  [ 1 7 ] ,  
t h e  d i r e c t  c o p p e r - c o p p e r  e x c h a n g e  m e c h a n i s m ,  ( C u - C u  s e p a r a t i o n  i s  l a r g e ,  i . e .  3 . 3  A )  
b e i n g  o f  s e c o n d a r y  i m p o r t a n c e .  ( I n  r x : C u ( I I ) M S a l  [ 1 8 ]  t h e  C u : C u  s e p a r a t i o n  i s  3 . 3  A  
a n d  t h e  d i r e c t  C u - C u  e x c h a n g e  i s  f o u n d  t o  b e  2 . 2 4  c m -
1
) .  A l s o  t h e  a n a l y s i s  s h o w s  t h a t  
i n t e r d i m e r  e x c h a n g e  i s  n e g l i g i b l e .  
T h e  s i t u a t i o n  i n  t h e  p r e s e n t  c a s e  m a y  b e  c o m p a r e d  t o  t h a t  i n  w e l l - s t u d i e d  c o p p e r  
a c e t a t e  m o n o h y d r a t e ,  w h i c h  i s  c o m p o s e d  o f  s t r o n g  a n t i f e r r o m a g n e t i c a l l y  c o u p l e d  
d i m e r s .  T n  t h e  l a t t e r  c a s e ,  u n l i k e  t h e  f o r m e r ,  a l t h o u g h  t h e r e  a r e  f o u r  s u p e r c x c h a n g e  
p a t h s  ( C u - 0 - C - 0 - C u )  t h r o u g h  a c e t a t e  b r i d g e s  w i t h i n  t h e  d i m e r ,  d i r e c t  c o p p e r - c o p p e r  
e x c h a n g e  i n t e r a c t i o n  ( J  =  3 0 0  c m -
1  
[ 1 4 ] )  p r e s u m a b l y  p l a y s  t h e  m a j o r  r o l e  i n  t h e  
a n t i f e r r o m a g n e t i s r n  o f  t h e  c o p p e r  d i m e r ,  t h e  C u - C u  s e p a r a t i o n  b e i n g  s m a l l  ( 2 . 6 4  A )  
[ 1 9 ] .  T h i s  h a s  a l s o  b e e n  c o r r o b o r a t e d  f r o m  t h e  t h e o r e t i c a l  c o r r e l a t i o n  o f  m a g n e t i c  
a n d  s p e c t r a l  d a t a  o f  c o p p e r  a c e t a t e  m o n o h y d r a t e  [ 1 4 ] .  F u r t h e r ,  w e  h a v e  n o t i c e d  a n  
i n c r e a s e  i n  t h e  i n t e n s i t y  ( a p p r o x i m a t e l y  s i x  t i m e s )  o f  t h e  E J : > l {  s p e c t r n m  i n  y : C u M S a l  
a t  2 0  K  o v e r  t h a t  a t  r o o m  t e m p e r a t u r e .  W i t h  f e r r o m a g n e t i c  e x c h a n g e  i n t e r a c t i o n  
( w i t h  p o s i t i v e  J  i n  e q u a t i o n  ( G ) )  t h e  t r i p l e t  S  =  1  i s  t h e  g r o u n d  s t a t e  ( e n e r g y =  
=  - J  ( 4 )  a n d  i s  s e p a r a t e d  f r o m  t h e  s i n g l e t  S  =  0  e x c i t e d  s t a t e  ( e n e r g y  =  3 J ( 4 )  b y  
a n  a m o u n t  J .  S o  w i t h  t h e  l o w e r i n g  o f  t e m p e r a t u r e  t h e  p o p u l a t i o n  o f  t h e  t r i p l e t  s t a t e  
i n c r e a s e s  a n d  a s  a  r e s u l t  t h e  i n t e n s i t y  o f  t h e  E P H ,  s i g n a l  a n d  t h e  p f  s h o u l d  i n c r e a s e  
a s  t h e  t e m p e r a t u r e  i s  d e c r e a s e d  u n l i k e  i n  t h e  c a s e  o f  C u ( A c )
2
,  H
2
0  t y p e  a n t i f e r r o m a g -
n e t i c  c o m p o u n d s ,  w h e r e  J  i s  n e g a t i v e .  T h e  r e a s o n  f o r  t h e  a b s e n c e  o f  d i m e r i c  h y p e r f i n e  
s t r u c t u r e s  i n  u n d i l u t e d  y :  C u M S a l  u n l i k e  C u ( A c )
2
•  H
2
0  i s  n o t  c l e a r  a t  p r e s e n t .  C o m -
p a r i n g  T a b l e  4  w i t h  T a b l e  1  o f  o u r  p r e v i o u s  p a p e r  [ l ]  o n  ~: C u M S a l  w e  f i n d  t h a t  i n  
y :  C u M S a l  t h e r e  i s  n o  s i g n i f i c a n t  s h i f t  o f  t h e  g - v a l u e s  i n  t h e  t e m p e r a t u r e  r a n g e  2 0  t o  
3 0 0  K ,  u n l i k e  t h a t  i n  ~: C u M S a l .  T h i s  e n s u r e s  t h a t  t h e  v i b r o n i c  m e c h a n i s m  w h i c h  
g i v e s  r i s e  t o  t h e  g - s h i f t  i n  ~: C u M S a l  i s  u n i m p o r t a n t  i n  y :  C u M S a l .  T h e r e  i s ,  h o w e v e r ,  
a  s m a l l  g - s h i f t  a t  1 . 5  K .  T h e  o r i g i n  o f  t h i s  s h i f t  i s  n o t  c l e a r  t o  u s  a t  p r e s e n t .  
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